Summary: Coumarin 7-hydroxylation (COH), which is catalyzed almost solely by human CYP2A6 and mouse CYP2A5, shows large diŠerences in activity (humans:mice) and inhibitor speciˆcity between mice and humans. To diŠerentiate human and mouse liver functions of chimeric mice (CM1, CM2 and CM3) prepared with hepatocytes from 3 donors, the microsomal COH activities were measured with and without benzaldehyde and undecanoic g-lactone as a speciˆc inhibitor of human CYP2A6 and mice CYP2A5, respectively. The replacement z to human hepatocytes designated as replacement index (RI) was calculated from human speciˆc cytokeratin 8 W 18 expression in the liver section.
Introduction
Xenogenic hepatocytes have been transplanted to the immune-deˆcient animal with severe liver disease such as urokinase-type plasminogen activator (uPA)-transgenic nude, 1) SCID (severe combined immunodeˆcient) 2) or RAG-2 (recombinantion activation gene-2) mice.
3) By intrasplenic injection of human hepatocytes to homozygous uPA-transgenic immune-deˆcient mouse, human hepatocytes underwent rapid proliferation and replaced the mouse hepatocytes. 2, 4) Subsequently, the liver became chimeric, composed both of mouse-derived cells and human-derived cells.
Tateno et al. have developed a method for the constant preparation of chimeric mice with highly humanized livers using nafamostat mesilate, an anticomplement drug. 5 ) About 20-50z of uPA ＋W ＋ W SCID mice transplanted with human hepatocytes show more than 70z of replacement indexes (RIs), which is designated the replacement z of human hepatocytes determined by immunohistochemical staining of human speciˆc cytokeratin 8 W 18 in the liver. These chimeric mice have been reported to be a useful animal model for drug development 6) and for the prediction of in vivo induction of cytochrome P450 (P450) in humans, 7) since chimeric mice retain the genotype and the phenotype of human donors regarding P450 6) and phase II enzymes, 8) and respond to P450 induction 7) in spite of the fact that their biliary tracts and portal structures are mainly mouse-derived. 5) The humanized livers of chimeric mice have been monitored by the production of human speciˆc proteins such as human albumin (hAlb) and human cytokeratin 8 W 18. A simple monitoring method is desired to assess the humanized liver function using protein with human speciˆc biological activity.
Coumarin is metabolized to 7-hydroxycoumarin by human CYP2A6 and mouse CYP2A5. Although human CYP2A6 and mouse CYP2A5 show 82z amino acid homology, 9) there are diŠerences in CYP2A function between humans and mice. 10) It is well-known that coumarin is a ratsbane with selective toxicity to the animal compared to humans. The selectivity is due to diŠerences in the metabolic routes in animals and humans. In mice, the major metabolic route is 3,4-epoxidation to o-hydroxyphenylacetaldehyde. Coumarin 7-hydroxylation (COH) by CYP2A5 is a minor pathway (º5z). 10, 11) On the contrary, the major metabolic route of coumarin in humans is 7-hydroxylation (À70z). As a result, COH activities of liver microsomes are ¿20-fold higher in humans than in mice. 10) Moreover, many compounds diŠer in their inhibition potency for CYP2A6 and CYP2A5. [12] [13] [14] Taken together, COH, whose activity can be monitored easily by ‰uorometry, is thought to be suitable for the characterization and the diŠerentiation of human and mouse liver function of chimeric mice.
In this study, we measured COH activity with and without an inhibitor for human CYP2A6 or mice CYP2A5 and the protein expression level of CYP2A6 using liver microsomes from chimeric mice, and compared these results with hAlb levels in blood and RIs in the liver.
Materials and Methods
Materials: Coumarin, 7-hydroxycoumarin, 8-methoxypsoralen, undecanoic g-lactone, rifampicin, methyrapone, benzaldehyde and 2-phenylethylamine hydrochloride were purchased from Sigma-Aldrich (MO, USA). Cocaine hydrochloride was from Takeda Chemical Industries (Osaka, Japan). NADP, glucose-6-phosphate, glucose-6-phosphate dehydrogenase were from Wako Pure Chemicals (Osaka, Japan). Tegafur and nafamostat mesilate (6-amino-2-naphtyl pguanidinobenzoate dimethanesulfonate) were kindly provided by Taiho Pharmaceutical (Tokushima, Japan) and by Torii Pharmaceutical (Tokyo, Japan), respectively. The cryopreserved human hepatocytes used as donor B and donor C were purchased from In Vitro Technologies Inc. (MD, US). Monoclonal antibody against CYP2A6 (MAB-2A6) and pooled human liver microsomes (HLM) were purchased from BD Biosciences (MA, USA Generation of the chimeric mice with humanized liver: The chimeric mice with humanized livers were generated by the method described previously using homozygous uPA ＋W ＋ W SCID mice as recipients. 5) Human hepatocytes from donor A (12-year-old Japanese, male) were obtained after receiving written informed consent; donor B (9-month-old Caucasian, male) and donor C (13-year-old Caucasian, male) hepatocytes were from a commercial source. Katoh et al. used the same hepatocytes from donor A and donor B [6] [7] [8] and reported that the genotype of donor A is CYP2A6*4 W *4 6) (the deletion of whole CYP2A6 gene). 15) Human hepatocytes (5-7.5×10 5 cells) were transplanted into recipient mice at 19 to 29 days after birth by intrasplenic injections. hAlb levels in the blood and human cytokeratin 8 W 18 in the liver were measured using an enzyme-linked immunosorbent assay kit (Bethyl Lab., TX, USA) and by immunohistochemical staining, respectively. RIs (replacement indexes: replacement z from mouse hepatocytes to human hepatocytes) were calculated as follows: RI of the lobe, the z of positive staining area of human cytokeratin 8 W 18 to the entire area of a section from one love; RI of whole liver, (SRI of the lobe x the weight of the lobe)÷the weight of whole liver. Nafamostat mesilate (0.3 mg W 200 mL) was injected intraperitoneally once every 2 days, once per day and twice per day to mice whose hAlb levels were between 2 and 4 mgW mL, 4 and 6 mg W mL, and À6 mgW mL, respectively. The chimeric mice with hepatocytes from donors A, B and C, designated as CM1, CM2 and CM3, respectively, were 14-18 weeks old ( Table 1) .
Preparation of liver microsomes: The liver and the hepatocytes (5-9×10 6 cells) were homogenized with 4 vols. of 1.15z KCl and 1 mL of phosphate-buŠered saline (PBS), respectively. The microsomes were pre- 16) The suspensions were stored at -809 C until use. The microsomal protein was measured by the Bradford method with bovine serum albumin as a standard.
17) The microsomes of chimeric mice used in this study were from whole liver (CM1) and the left lateral lobe of liver (CM2 and CM3) with RIs shown in Table 1 .
Measurement of COH activity: The assay of COH activity is based on ‰uorescence emitted by 7-hydroxycoumarin in alkaline conditions by spectro‰uoromet-ry.
10) The liver microsomes (40-100 mg-protein) were incubated in 1 mL of the reaction mixture at 379 C for 30 min. The reaction mixture (1 mL) was composed of 25 mM K-phosphate buŠer, pH 7.4, 10 or 50 mM coumarin, 0-1 mM inhibitor, 1z ethanol (as a solvent of coumarin) and 1z each of ethanol, DMSO or H2O (as a solvent of inhibitor), 1 mM EDTA and an NADPH generating system (1 mM NADP, 5 mM glucose-6-phosphate, 1 U glucose-6-phosphate dehydrogenase and 3 mM MgCl2). The reaction was terminated by the addition of 0.1 mL of 18.5z trichloroacetic acid. The mixture with 2 mL of CHCl3 was shaken for 10 min and then centrifuged at 3,000 rpm for 10 min. After the aqueous layer was aspirated oŠ, a 1-mL portion of the organic layer was extracted with 3 mL of 0.01 N NaOH containing 1 M NaCl. Fluorescence of the aqueous layer was measured using 371 nm excitation and 454 nm emission wavelengths.
For the blank sample, ethanol was used instead of coumarin. Blank samples spiked with 7-hydroxycoumarin (1 nmol) served as a standard.
Tested inhibitors were 8-methoxypsoralen, 13) undecanoic g-lactone, 12) methyrapone, 13) benzaldehyde, 14) 2-phenylethylamine, 14) tegafur, 18) rifampicin, 13, 19, 20) and cocaine. 13, 21) Rifampicin and tegafur were dissolved in DMSO. 2-Phenylethylamine hydrochloride and cocaine hydrochloride were dissolved in H2O. The other compounds were dissolved in ethanol. Mechanism based-inhibitors, such as 8-methoxypsoralen 22) and benzaldehyde 14) were preincubated with microsomes and an NADPH-generating system for 15 min without coumarin, and the incubation was started by the addition of coumarin.
Western blotting for CYP2A6: Immunoblotting of CYP2A6 of liver microsomes was performed using speciˆc monoclonal antibodies to CYP2A6 (MAB-2A6). The mixture of liver microsomes with 2x loading buŠer was heated at 959 C for 5 min. The mixture (1 mgprotein) loaded on 10z SDS-polyacrylamide gel was run at 30 mA for 70 min. The gel was transblotted to a nitrocellulose membrane at 15 V for 1 hr with a semidry blotting instrument (TRANS-BLOT SD cell, BioRad, CA, USA). The membrane was washed with PBS containing 0.1z Tween 20 (PBST). After blocking at 49 C overnight, the membrane was incubated in diluted MAB-2A6 (1000-fold) for 1 hr, and then incubated with diluted HRP-linked anti-mouse IgG antibody (3000-fold) at room temperature. PBST containing 2z skim milk was used as blocking and antibody dilution buŠer. CYP2A6 protein was detected with an ECL Advance Western Blotting Detection Kit with ATTO Cool Saver (ATTO, Tokyo, Japan), and the band intensities were determined with an ATTO Lane Analyzer (ATTO, Tokyo, Japan).
Results
The COH activity of liver microsomes from humans and mice: Liver microsomal COH activities (pmol W mg protein W min) were 705.1 (the mean of duplicated determinations), 98.4±8.8 (the mean±S.E.M., n＝3), 4.8±1.24 (the mean±S.E.M., n＝3) and 25.2 (the mean of duplicated determinations), for pooled HLM, DBA mice (male), ICR mice (male) and uPA -W -W SCID mouse (female, 11 weeks old), respectively, consistent with previous reports in which there were large diŠerences in liver microsomal COH activities between humans and mice 10) and between strains of mice.
11)
It is known that the COH activities of CYP2A6 and CYP2A5 exhibit distinct inhibitor speciˆcities. There are diŠerences in inhibitor speciˆcities (aniline and methyrapone) between mice strains with high and low COH activities. 23) However, the diŠerences in inhibitor speciˆcities of mice strains are smaller than those between humans and mice. Therefore, we used pooled microsomes of DBA mice showing high COH activities (MLM, n＝3) and HLM as the sources of CYP2A5 and CYP2A6, respectively. The tested inhibitors were undecanoic g-lactone, 8-methoxypsoralen, 2-phenylethylamine, benzaldehyde, tegafur, methyrapone, rifampicin and cocaine (Fig. 1) . We intended to use the inhibitor speciˆcity to characterize the liver function of chimeric mice. However, it was impossible to determine Ki and IC50 values because of the limited amounts of valuable microsomes; we measured z of inhibition at aˆxed concentration of the inhibitor. Of all compounds tested, 8-methoxypsoralen (1 mM) was the most potent inhibitor both in humans (remaining activity＝20.3z) and mice (16.9z). Benzaldehyde and 2-phenylethylamine were stronger inhibitors of human CYP2A6 than mouse CYP2A5. Both undecanoic g-lactone and methyrapone were selective inhibitors of mouse COH. Tegafur and rifampicin showed a weak inhibition against human COH, but not against mouse COH. Cocaine was not an inhibitor of mouse and human COH as described previ- 13, 21) although cocaine N-demethylase activity was inhibited to below 10z by 50 mM of 8-methoxypsoralen. 24 ) Thus, we selected benzaldehyde and undecanoic g-lactone as a speciˆc inhibitor of CYP2A6 and CYP2A5, respectively, and utilized 100 mM of each inhibitor in the following experiments.
Chimeric mice used in the present study: A total of 17 chimeric mice (CM1＝4, CM2＝5, CM3＝8) showing diŠerent degrees of chimerism were used in the present study ( Table 1) . There were big diŠerences in RIs from lobe to lobe of the liver and the diŠerences between lobes were smaller in the liver of chimeric mice with higher hAlb levels ( Table 1 ). The hAlb levels in the blood plotted against RIs of whole liver from 17 chimeric mice showed no linear correlation, and hAlb levels began to increase steeply after RI exceeded 50z (Fig. 2) .
Characterization of the livers of chimeric mice: Since it has been reported by Katoh et al . that the administration of nafamostat mesilate had no eŠects on the activities of P450 enzymes including COH of humanized liver of chimeric mice, 6) we examined the COH activities, their inhibition proˆles by benzaldehyde and undecanoic g-lactone, and CYP2A6 protein expressions of 17 chimeric mice treated with and without nafamostat mesilate as shown in Table 1 . Since microsomes were prepared from whole liver (CM1) and from the left lateral lobe of liver (CM2 and CM3), the results were compared with the corresponding RIs.
1) The COH activity: The COH activities (pmol W mg protein W min) of chimeric mice plotted against RIs (z), CM2 and CM3 showed good correlations (CM2: R 2 ＝ 0.98, CM3: R 2 ＝0.94) (Fig. 3) . The COH activities of CM1 with RI＝71z and 84z were only 1.0 and 1.2 pmol W mg protein W min, respectively and lower than those of uPA (Fig. 3) . The COH activities of microsomes from donor B and donor C hepatocytes were 1040 and 245 pmol W mg protein W min (the mean of duplicated determinations), respectively. The COH activities (pmol W mg protein W min) of chimeric mice with the highest RI (163.5 in CM2 with RI＝77z, 183.6 in CM3 with RI＝78z) were 15.7z and 75.0z of the corresponding donor activity.
2) Inhibition of COH activity by benzaldehyde and undecanoic g-lactone: The COH activities of CM2 and CM3 were measured with and without 100 mM each of benzaldehyde, a speciˆc inhibitor for CYP2A6, and The microsomes of the left lateral lobe showing diŠerent RIs were used for the measurements of COH activities with 10 mM of coumarin and 40 mg of protein in the presence of 100 mM each of benzaldehyde () or undecanoic g-lactone (). The remaining activities of COH expressed as z of the activity in the absence of inhibitor were plotted against RI. Each bar represents the mean of duplicate determinations. ♂ and ♀ are gender of recipient mouse (uPA
undecanoic g-lactone, a speciˆc inhibitor for CYP2A5; the z of remaining COH activities are shown in Fig. 4 . The remaining activities were decreased to º20z by benzaldehyde and increased to À75z by undecanoic g-lactone, after RI reached about 50z; no more changes were observed thereafter in both CM2 and CM3 (Fig. 4) . There were no consistent changes of inhibition pattern with RI until RI reached 50z.
3) CYP2A6 and CYP2A5 protein expression: The CYP2A6 antibodies (MAB-2A6) used in this study cross-react weakly with CYP2E1, but there are no data concerning CYP2A5 from the manufacturer. Preliminary experiments revealed that the MAB-2A6 recognizes mouse protein from pooled MLM (DBA mice) or microsomes of uPA -W -W SCID, whose band position was near, but slightly higher than the band of the CYP2A6 protein from HLM Figure 5 shows the Western blottings of the microsomes of CM1, CM2 and CM3. As expected, CM1 microsomes showed no CYP2A6 protein irrespective of their RIs. In CM2 and CM3 microsomes, the CYP2A6 protein was detected when RI was more than 50z. On the other hand, the mouse protein decreased with the increase of RI, but was still detected even in liver microsomes from CM2 and CM3 with the highest RI (77z in CM2 and 78z in CM3) used in this study.
Discussion
We assessed chimeric mice with humanized liver functions by selecting the microsomal COH activity to diŠerentiate the mouse and human liver parts of chimeric mice, because COH is catalyzed almost solely by human CYP2A6 and mouse CYP2A5 and shows large diŠerences in the activity (humans:mice) 10) and the inhibitor speciˆcities between mice and humans. [12] [13] [14] The COH activities of microsomes from donor A, B and C hepatocytes showed a large inter-individual variation as described in other studies. 10, [19] [20] [21] These variations were supposedly due to CYP2A6 inducibility by certain drugs or environmental and nutritional factors 19) or to genetic polymorphism of CYP2A6. 25) Of many variant alleles (up to *20) of the CYP2A6 gene reported to date, 26) CYP2A6*4 is the allele that deletes the whole CYP2A6 gene.
15) The frequency of the CYP2A6*4 allele in Japanese is the highest among the ethnic groups studied, 20.1z in Japanese, 15.1z in Chinese, 1z in Finnish and 0.5z in Spanish 15) and the frequency of CYP2A6*4 W *4 was reported to be 3.1z in Japanese subjects. 27) Katoh et al. 6) reported that the genotype of donor A (Japanese boy) is CYP2A6*4 W *4, and neither COH nor CYP2A6 protein could be detected in the liver microsomes from donor A chimeric mice. The COH activities of CM1 with RI＝84z and RI＝71z were less than those with RI＝0z and 52z and the uPA -W -W SCID mouse (Fig. 3) . Consistent with their results, 6) no CYP2A6 protein was detected in liver microsomes from CM1 (Fig. 5) .
As shown in Fig. 2 , the relationship between hAlb levels in the blood and RIs (z) of whole liver from 17 chimeric mice was not linear and hAlb levels began to increase steeply after RI exceeded 50z. The COH activities correlated well with RIs in CM2 and CM3 (R 2 ＝0.98 and R 2 ＝0.94 in Fig. 3 ), whereas the increments of the COH activities appeared to be lower in chimeric mice with RI less than 50z than mice with RI more 50z. Namely, the COH activities began to increase more rapidly after RI exceeded 50z. This may be the reason why CM1 with RI＝52z and RI＝0z showed almost the same COH activities (Fig. 3) . The correlations between the COH activities and blood hAlb levels were seemingly good in CM2 (R 2 ＝0.92) and were not good in CM3 (R 2 ＝0.28) because there were no chimeric mice showing middle range hAlb levels both in CM2 and CM3 ( Table 1) .
The COH activities expressed as z of donor's original activity were 15.7z in CM2 with RI＝77z and 75.0z in CM3 with RI＝78z. The hepatocytes of donor B and donor C from a commercial source as frozen cells were thawed and used for the transplantation to yield chimeric mice and the isolation of microsomes to determine the donor's original COH activity in a similar manner. Since the COH activities (pmol W mg protein W min) of donor B and donor C were 1040 and 245, respectively, it can be presumed that high COH activities of human hepatocytes were suppressed by some factors produced in recipient mice. However, no explanation for the lowz of COH activity in CM2 can be oŠered at the present time.
The inhibition of COH activity with benzaldehyde and undecanoic g-lactone was examined in CM2 and CM3 with diŠerent RIs. The inhibition patterns were changed to human-type (the remaining COH activities: º20z by benzaldehyde and À75z by undecanoic g-lactone) from RI＝47z in CM2 and RI＝62z in CM3 (Fig. 4) . In other words, the z of inhibition by COH activities by benzaldehyde or undecanoic glactone showed no dependency on RIs at more than about 50z.
CYP2A6 protein was detected in accordance with changes of the inhibition pattern when RI became more than about 50z. Human CYP2A6 and mouse CYP2A5 have 82z amino acid homology. 9) Of the mouse CYP2A family, CYP2A4, which catalyzes 15a-hydroxylation of testosterone, and CYP2A5 have À98z amino acid homology 28) and their molecular weights are reported to be 56741 and 56595, respectively. 29) Subsequently, we assumed that mouse protein which crossreacted with MAB-2A6 was mouse CYP2A5 and CYP2A4. The presumed CYP2A5 and CYP2A4 protein tended to decrease with the increase of RI but continued to be detected even in the highest RI, probably at least due to the high a‹nity of MAB-2A6 to CYP2A5 (Fig. 5) .
Although some strains of mice such as DBA-2, 129 and CBA W Ca show gender diŠerences in the COH activities 30) , not only the COH activities but also inhibitor speciˆcities of liver microsomes from chimeric mice were assumed to be independent on the gender of recipient uPA ＋W ＋ W SCID mice from the scope of the limited number of chimeric mice in this study.
Since the COH activities expressed as z of donor activities were not always coincident with RIs and the inhibition pattern of CM2 and CM3 was human-type after RI exceeded approximately 50z, our attempts to use z of COH activities or inhibitions by benzaldehyde as an accurate functional replacement index were unsuccessful.
However, we concluded that RI＝50z seems to be the turning point for the chimeric mice to have humanized liver function from our results that a CYP2A6 protein, a human-type inhibition pattern and a steep increase of hAlb secretion to the blood were observed after RI exceeded approximately 50z.
